We show that Cloudman melanoma cells undergo rapid arborization in response to [Nle4,D-Phe7]amelanocyte-stimulating hormone, a potent analogue of amelanocyte stimulating hormone (a-MSH). The arbors were established by extension of processes and resembled dendrites. We used this system to study the regulation of cell shape. et-MSH is known to induce increases in cAMP levels, and agents such as forskolin and isobutylmethylxanthine that led to increased cAMP also caused arborization. However, equally dramatic arbors were formed after incubation with the protein kinase C inhibitor H-7 [1-(5-isoquinolinesulfonyl)-a-methylpiperazine]. Phorbol diesters that activate protein kinase C led to cell rounding and antagonized a-MSH. The actions of protein kinase C cannot be rationalized in terms of indirect effects on cAMP: neither H-7 nor phorbol diesters alone altered cAMP levels, nor did they affect the increase in cAMP induced by MSH. We show also that MSH produced longer-term effects that cannot be mimicked by cAMP. Specifically, even in the continued presence of a-MSH, arborization was followed by morphological reversal to the unstimulated flattened configuration within 2 hr. (This did not occur with other agents that increase cAMP or with H-7.) Most importantly, whereas MSH-induced arborization occurred in the presence of cycloheximide, actinomycin D, or in enucleated cells, the reversal of arborization did not. Thus, MSH induced a program of rapid shape change that was dependent on new protein synthesis and gene transcription.
The hormonal control of cell shape is dramatically illustrated in the differentiation of neurons and chromaffin cells. The most intensively studied of these is the well-known PC12 clonal cell line, which was derived from a rat pheochromocytoma. PC12 cells respond to nerve growth factor by formation of neuritic processes within a period of 1 week (1, 2) . In such primed cells, mechanically removed neurites can be regenerated over a 24-hr period in the presence of nerve growth factor (3) . Many studies have focused on biosynthetic events that occur during this period of neurite formation [the increased synthesis of microtubule protein, for example (4-6)] and membrane signal transduction, which includes both an increase in cAMP and probably activation of protein kinase C (PKC) (7) . However, the long time course required for the morphological transformation has made it difficult to precisely relate the transformation to the associated biochemical events. It has been known for some time that in response to melanocyte-stimulating hormone (MSH), melanoma cells will differentiate, also establishing neuritic processes after 1 or more days in culture (8, 9) . In the epidermis, such processes extend around and between groups of neighboring keratinocytes to which they convey melanin (10) . In this report, we show that in the Cloudman S91 melanoma line, elaborate neuritic arborizations could be induced by [Nle ,DPhe7]a-MSH, a potent analog of a-MSH (11) , in 30 min (12) . Analysis of the contribution of cAMP-and PKC-dependent pathways to these structural changes suggests that they are tonically active and antagonistic, with dominance of the former leading to neurite formation.
Further studies showed that the effects of MSH on cell shape were more complex than could be accounted for by increases in cAMP and depended on gene transcription and protein synthesis. MD) were routinely grown in RPMI medium supplemented with 10% fetal bovine serum (GIBCO). Cultures were passaged two or three times per week, and plated at initial densities of 0.5-2 x 104 cells per ml of medium.
MATERIALS AND METHODS
Monolayers used for phase and electron microscopy and for cAMP assays were grown on 100-mm-diameter tissue culture plates (Falcon). Monolayers intended for immunofluorescence studies or enucleation were grown on 13-mmdiameter glass coverslips in 35-mm-diameter Falcon dishes.
Immunofluorescence. Immunofluorescence labeling of microtubules and microfilaments was obtained using a modified procedure derived from Osborn and Weber (13, 14) . Microfilaments were labeled with rhodamine-phalloidin, while microtubules were labeled with a goat anti-tubulin.
Cytoplast Preparation. Cytoplasts were prepared as described by Caron et al. (15) and Pittenger and Cleveland (16 along individual processes from tip to cell body onto a transparency superimposed on the phase contrast image at a magnification of x 1250. Line lengths were then measured using a sonic digitizer (Graf/Pen; Science Accessories, Southport, CT).
Electron Microscopy. Monolayers on glass coverslips were fixed in 2% glutaraldehyde and processed as described (17) .
RESULTS
Neurite Arborization in the Cloudman Melanoma Cell Line. Fig. 1 illustrates the extensive array of cell processes induced by MSH in as little as 10-40 min in -70% of the cell population (for comparison with a control culture, see Fig.  4a , phase contrast image). This reorganization is similar to that induced by hormones in other cell systems over periods of many hours or days (1, 2) . As in these systems, the shape change was also induced by agents that increased cAMP: forskolin (18) , isobutylmethylxanthine, and theophylline (19) all led to the same arborization in virtually 100%o of cells (data not shown).
Arborization occurred principally by the extension of processes whose growing tips resembled growth cones. Fig.  1 illustrates the general pattern of process formation from three cells over a 40-min period. Morphogenesis involved frequent branching as well as the initiation of new processes b from the cell body. When linear processes were formed, extension frequently occurred at the rate of 1-2 ,um/min. Occasionally, the active ruffling leading edge of the process would appear to retreat from the tip and at some point move away from the process, creating a bifurcation. This "withdrawal" appeared to create a cell process of uniform narrow dimension. During process formation, the cell body became compact and rounded.
As an approach to quantifying this complex development, we approximated each branch and process from its junction with the cell body to its tip by a simple line and compared the patterns obtained as a function of time. The pattern produced is illustrated in Fig. 1 (Insets) . In 40 min, the total length of processes from the three cells shown increased 3-fold, from 185 ,um to 570 tum. However, the length had doubled by only 10 min. Between 10 and 40 min, there was extension and branching of existing processes as well as initiation at new sites. The impression is that MSH causes immediate activation of membrane at the tips of existing processes (and perhaps at new sites), which then undergo extension and reorganization.
As shown in Fig. 2a by immunofluorescence, the processes contained microtubules. Rhodamine-labeled phalloidin revealed concentrations of microfilaments at the growing tips and other regions of membrane ruffling (Fig. 2b) .
Electron microscopy of the process showed a generally parallel arrangement of microtubules, intermediate filaments, and membranous elements (Fig. 3 ). Mitochondria were distributed irregularly throughout the processes. This configuration is characteristic of neurites (20) .
These observations reflected a rapid reorganization of cytoplasm and membrane. Since MSH is known to induce a rapid increase in cAMP (8, 21) , the results would seem consistent with the hypothesis that arborization was determined by this increase, mediated presumably by the activation of a cAMP-dependent protein kinase [protein kinase A (PKA)]. However, other observations indicated a regulatory role for the calcium and phospholipid-activated PKC.
Effects of Activation or Inhibition of PKC on Cell Shape. Considerable evidence now indicates that the primary cell cAMP, nor did it inhibit the increase in cAMP induced by a-MSH under conditions in which PMA antagonized the MSH-induced shape change (Table 1) .
Spontaneous Reversal of MSH-Induced Arborization. After a 60-to 90-min incubation with MSH, maximal arborization was attained. However, by 120 min, even in the continued presence of MSH, the cells reverted to their flattened form: arborization was reversed. Readdition of fresh MSH had no effect. This reversal was unique to MSH: H-7 or forskolininduced arborization was sustained as long as these agents were present (followed for 16 hr). Reversal occurred rapidly on removal of H-7 or forskolin, and arborization was reinduced on readdition of these agents or To define the time at which the cycloheximide-sensitive step appeared, we added cycloheximide at increasing times after addition of MSH. Even when added as late as 90-100 min, cycloheximide blocked shape reversal. This indicated first that the critical protein(s), which we designate RP(s) for "reversion protein(s)," was not synthesized appreciably until this time, and second that RP(s) was effective against established arbors. Importantly, cycloheximide did not affect the cell shape reversal that followed simple removal of H-7 or forskolin. Continuous exposure to MSH was not required to induce reversion: the entire sequence of arborization and cycloheximide-sensitive reversal occurred after only 1 min of exposure to MSH. Thus, MSH appeared to set in motion a The Effects of RP Were Independent of cAMP. As shown above, MSH initially induced an increase in cAMP. By the time of reversal, cAMP levels had returned to control values (Tables 1 and 2 ). Indeed, addition of fresh MSH during this period did not increase cAMP, although forskolin could elicit its characteristic enormous increase. Most importantly, cycloheximide did not increase cAMP either when given alone, in which case it did not cause arborization, or when given with MSH, in which case it did ( Table 2 ).
These observations establish that whereas cells remain continuously responsive to the cAMP mechanism of shape change, the mechanism revealed by cycloheximide in the reversal period is cAMP independent. This suggests that RP is operative on a separate pathway.
DISCUSSION
As described above, Cloudman melanoma cells can undergo extensive arborization that is similar in structure and complexity to that which occurs in PC12 and other neuroblastoma cell lines (1, 2) (36) .
Our results cause us to differentiate between mechanisms that function independently of cell history and those that are embedded in an orderly sequence of changes for which cell history is the key. Thus, forskolin or H-7 can induce arborization irrespective of prior hormone treatment. Moreover, the arborization persists as long as the reagents are present and is rapidly reversed when they are removed. MSH, on the other hand, induces a program of events that leads to cell shape changes that are subject to evolving controls. For example, the initial increase in cAMP stimulated by MSH may induce arborization in a manner similar to that of forskolin, but in the presence of cycloheximide, the MSH-induced arborization persists even when cAMP levels have returned to normal. We assume that in this instance the underlying cytoskeleton or factors that control it may have been modified by MSH in a way that makes it structurally equivalent to that produced by cAMP but largely independent of cAMP. Furthermore, the induction of RP by MSH can presumably affect this modified cytoskeleton, while RP is indifferent to the structures established by forskolin or H-7 alone. Thus, the specific mechanisms invoked by cAMP or inhibition of PKC may play a discrete role at some point in the hormone-induced pathway, but the hormone gradually induces qualitatively different controls. Such an analysis may explain the difficulties in relating signal transduction occurring at the instant of hormone addition to long-term effects on growth and differentiation.
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